Context. Studies of the properties of low-redshift cluster galaxies suffer, in general, from small spatial coverage of the cluster area. WINGS, the most homogeneous and complete study of galaxies in dense environments to date, obtained spectroscopic redshifts for 48 clusters at a median redshift of 0.05, out to an average distance of approximately 0.5 cluster virial radii. The WINGS photometric survey was recently extended by the VST survey OmegaWINGS to cover the outskirts of a subset of the original cluster sample. Aims. In this work, we present the spectroscopic follow-up of 33 of the 46 clusters of galaxies observed with VST over 1 square degree. The aim of this spectroscopic survey is to enlarge the number of cluster members and study the galaxy characteristics and the cluster dynamical properties out to large radii, reaching the virial radius and beyond. Methods. We used the AAOmega spectrograph at AAT to obtain fiber-integrated spectra covering the wavelength region between 3800 and 9000Å with a spectral resolution of 3.5 − 6Å full width at half maximum (FWHM). Observations were performed using two different configurations and exposure times per cluster. We measured redshifts using both absorption and emission lines and used them to derive the cluster redshifts and velocity dispersions. Results. We present here the redshift measurements for 17985 galaxies, 7497 of which turned out to be cluster members. The sample magnitude completeness is 80% at V=20. Thanks to the observing strategy, the radial completeness turned out to be relatively constant (90%) within the AAOmega field of view. The success rate in measuring redshifts is 95%, at all radii. Conclusions. We provide redshifts for the full sample of galaxies in OmegaWINGS clusters together with updated and robust cluster redshift and velocity dispersions. These data, publicly accessible through the CDS and VO archives, will enable evolutionary and environmental studies of cluster properties, providing a local benchmark.
Introduction
The WINGS survey (Fasano et al., 2006) was the first attempt to map local galaxy clusters (median redshift ∼ 0.05, 76 clusters) over a wide field of view in the optical range. With respect to other surveys of nearby galaxies, such as the Sloan Digital Sky Survey (SDSS) (York, 2000) , it offers the advantage of being targeted to X-ray-selected clusters. Moreover, it reaches galaxy magnitudes that are 1.5 mag deeper than the ones obtained by the widely used SDSS.
The WINGS survey was extended in the near IR (Valentinuzzi et al., 2009 ) for 28 clusters using data collected with the WFCAM camera at the UKIRT, covering a region four times larger than the optical one.
The spectroscopic follow-up (Cava et al., 2009 ) allowed the measurement of approximately 6000 new redshifts in 48 out of the 76 clusters and the determination of accurate velocity dispersions and membership. Only 21/48 clusters, though, had at least 50% completeness and could be used in statistical studies (Valentinuzzi et al., 2010; Vulcani et al., 2011a Vulcani et al., ,b, 2012 Moretti et al., 2015) . The complete set of measurements made on the WINGS dataset is available using the Virtual Observatory tool (Moretti et al., 2014) .
The WINGS coverage of ∼ 30 × 30 arcmin 2 often covers just half of the cluster virial radius, and is thus missing the more external regions of the clusters. This represents a serious limitation for the comprehension of galaxy formation in clusters, as the cluster outskirts are the regions where galaxies probably undergo the major transformations that reflect, for instance, into the well known morphology-density relation (Dressler, 1980) . In particular, Fasano et al. (2015) , using the WINGS dataset, found that this relation seems to disappear outside of the cluster core, supporting the notion that the relation between the morphological mix of galaxies and the distance from the cluster center might be more prominent than that with local density in these regions. Several other studies have pointed out the dependence of galaxy properties on clustercentric radius also at large distances (Lewis et al., 2002; Gomez et al., 2003) .
Moreover, studies on cluster luminosity functions (LF) highlighted how, when comparing LFs in different clusters, it is mandatory to compare the same physical regions (Popesso et al., 2006; Barkhouse et al., 2007; Moretti et al., 2015) , which, so far, have always been restricted to 0.5R 200 .
Cluster outskirts are the places where galaxies are either individually accreted, or processed in groups and filaments that eventually fall into the cluster potential, and therefore represent the transition region where galaxy transformations take place (Lewis et al., 2002; Pimbblet et al., 2001; Moran et al., 2007) .
This specific transition region has been studied in detail in a few single clusters and superclusters (Merluzzi et al., 2010; Haines et al., 2011; Jaffé et al., 2011; Smith et al., 2012; Merluzzi et al., 2014) , but, up to now, a systematic study of cluster outskirts has been hampered by the lack of an appropriate set of observational data.
Very recently, the WINGS survey has been extended with OMEGACAM at VST (Gullieuszik et al., 2015) , with the aim of covering the virial radius of the observed clusters. The OmegaWINGS photometric survey covers 57 out of the original 76 clusters (among those with (δ ≤ 20°), visible with the VST).
The OmegaWINGS sample of cluster galaxies has already been used to investigate properties of transition galaxies out to the virial radius and beyond and led to the discovery of a widespread population of galaxies with suppressed Specific Star Formation Rate (SSFR), possibly undergoing a slow quenching of star formation (Paccagnella et al., 2016) . This paper describes the spectroscopic follow-up of the OmegaWINGS survey. Section 2 describes the sample and the target selection criteria, section 3 describes the spectroscopic observations and data reduction, while in section 4, we assess the data quality, including the signal to noise and the completeness. In section 5, we illustrate the redshift measurement procedure, and in section 6, we give the principal products of the spectroscopic catalog, that is, velocity dispersions and memberships. Finally, in section 7, we describe how to access the entire set of measurements. A short summary is given then in section 8.
Sample and survey strategy
The OmegaWINGS spectroscopic survey is based on the photometric observations of 46 clusters (out of the 57 original OmegaWINGS sample).
The VST images, both in the V and B bands, cover a region of approximately 1 deg 2 around the cluster center, as derived from the SIMBAD database (Wenger et al., 2000) , and are 50% complete at V∼ 23 mag. More important for the spectroscopic survey purposes is the internal accuracy of the astrometric calibration, that is equal to or better than 0.1".
The selection of candidates for the spectroscopic follow up was made using the OmegaWINGS photometric catalogs by Gullieuszik et al. (2015) on the basis of object magnitude and color. We selected the detections classified as galaxies with a total (Sextractor AUTO) magnitude brighter than V = 20 mag, and subsequently divided this sample into bright and faint sources according to their V aperture magnitude inside the fiber diameter (2.
′′ 16). Bright sources have V f ib ≤ 20.5 mag and faint sources have 20.5 ≤ V f ib ≤ 21.5. For each cluster, we therefore obtained two complementary sets of observations: one that has been exposed for 60 minutes, called bright configuration, and a second one, called faint configuration, with an exposure time of 120 minutes.
To minimize the contamination from background galaxies, we applied a color cut to exclude extremely red background sources. This cut was set for each cluster by visually inspecting the color-magnitude diagram, in order to account for redshift variations, but in all cases, the color limit was very close to B − V = 1.20 mag. Finally, we assigned a priority to the targets. The targets located outside the original WINGS area had the highest priority, followed by the targets located inside the WINGS images but without a spectrum (intermediate priority), and by the targets located inside the WINGS region and with a previously determined redshift (lowest priority).
As an example, Fig. 1 shows the target selection for the cluster A2382: the black dots are sources from Gullieuszik et al. (2015) that have been classified as galaxies from the photometric survey, red points are galaxies belonging to the bright configuration, while green dots are galaxies belonging to the faint configuration. Fig. 1 . Candidates for spectroscopic follow-up in A2382: the color cut is set at (B − V )=1.25. Black dots are sources flagged as galaxies and red and green symbols indicate galaxies belonging to the bright and faint configurations, respectively.
Observations and data reduction
We used the AAOmega spectrograph (Smith et al., 2004; Sharp et al., 2006) at the Australian Astronomical Observatory (AAT), which can host up to 392 fibers over 2×2 deg 2 . The fiber diameter is 2.16 ′′ . The AAOmega spectrograph allows one to simultaneously take the blue and the red spectra of a target galaxy, using different grisms. In particular, we used the 580V and the 385R grisms, which have a resolution R = 1300 (FWHM=3.5 − 6Å). The observed wavelength range is ∼ 3800 − 9000Å.
For all configurations, we used 25 sky fibers, and 6 fibers for the guide stars, therefore we had ∼ 360 available science fibers left per configuration. The positions of the sky fibers were chosen by visually inspecting OmegaWINGS images and looking for 25 regions with no sources, uniformly distributed over the entire field of view. Science targets were then positioned on the field by using the configure software, which takes into account the priorities described in Sect.3 using a Simulated Annealing (SA) algorithm (Miszalski et al., 2006) . A tumbling mechanism with two field plates allows the next field to be configured while the current field is being observed.
Observations started in August 2013 and were carried out in five different runs. Table 3 contains the number of nights in the run, the number of observed targets for which we observed both configurations plus the number of configurations partially observed (either the bright or the faint), and the total success rate (i.e., the rate of successful redshift measurements over the total of assigned fibers in the run). Some observations were carried out under non-optimal weather conditions; in some cases we therefore decided to increase the total exposure time to reach a sufficient signalto-noise ratio for all targets. The detailed observing log for each configuration is shown in Table 2 where we also report the seeing and the percentage of observed galaxies for which we could obtain reliable redshift measurements (i.e., success rate in the last column). Some faint configurations (A168F, A3530F, A754F) could be exposed only for 1 hour, therefore obtaining spectra with a low S/N (< 5), which translates to a lower success rate. Arc exposures were taken before and after the scientific exposures. Moreover, for the faint configurations, we always also observed arc frames in between the science exposures, in order to properly calibrate in wavelength. The cluster A3266 has a second, deeper faint configuration that has been exposed for 18000 s. With these observations, we enlarged the number of WINGS clusters with spectroscopic follow-up, adding the clusters A85, A168, A2717, A2734, A3532, A3528, A3530, A3558, A3667, A3716, A3880, and A4059.
The data reduction was performed using the dedicated pipeline 2dfdr 1 , which properly handles science and calibration (flat-field and arc) exposures, producing wavelength-calibrated spectra for each arm. After producing the single blue and red arm corrected spectra, we spliced them together using the region in common (at ∼ 5700 1 https://www.aao.gov.au/science/software/2dfdr A ) in order to get a single spectrum covering the entire observed spectral range. The spectra were corrected for the instrument sensitivity by the pipeline, while a proper flux calibration is missing. For the purpose of the spectrophotometric analysis (that will be presented in a forthcoming paper), we performed a relative flux calibration using a set of spectra in common with the SDSS. The sky subtraction was performed using the dedicated algorithm by Sharp & Parkinson (2010) , that implements the Principal Component Analysis to derive an optimal sky estimate starting from dedicated sky exposures.
Data quality
We estimated the signal to noise ratios of the 17985 AAOmega spectra averaged over the entire spectrum from the root mean square (r.m.s.) of the spectrum itself 2 , obtaining values that go from approximately 11 to 16 (median and mean, respectively) for the bright configurations and from approximately 6 to 6 for the faint configurations. Fig.2 shows the mean (in red) and the median (in black) signal to noise ratio together with the 68% confidence limit for the observed configurations.
The distributions of the average signal to noise (shown in the insets) reflect the objects magnitude range of the two configurations, with the bright configurations showing a larger range of measured S/N than the faint configurations.
As an example, in Fig.3 , we show two sets of observed spectra, belonging to the bright (top panel) and faint (bottom panel) configurations of A2382. The signal to noise ratio ranges from 55 to 15 in the brightest sources, while it goes down to 4 for the faintest ones. However, even for the faintest sources, we have been able to measure a redshift (see Sec.5), mainly from emission lines. The spectra shown are those covering the entire AAOmega spectral range, that is, the ones obtained by combining the red and the blue arm of the spectrograph. Due to the small overlap in the common region, the combination turns out to be non-optimal for the continuum match, even though it does not hamper the redshift determination. Three spectral regions are clearly affected by dead pixels
Redshifts
We measured galaxy redshifts on the spliced spectra, that is, those extending over the entire wavelength range (3800 A-9000Å), in order to gather information both from the blue part of the spectra (where at our redshifts, most optical absorption lines are present) and from the red part of the spectra (where the H α +NII region is located). The night sky residuals, present in specific regions of the spectra, have been replaced by interpolated values before measuring the redshifts. On these cleaned spectra we measured both the redshift obtained by cross-correlating the spectrum with that of a template at zero velocity (using the IRAF/xcsao package) and the one obtained from the match of emission lines (IRAF/emsao).
Each single spectrum was visually inspected by members of the team (A. M., B. P., D. B., J. F., M. G., A. P., A. C.) to ensure that the automatic estimation was correct, and to assign a flag that was then used to derive the final redshift determination. We used;
-the weighted average of the two determinations if both were flagged as good, -the emission line redshift if the cross-correlation was not convincing, and -the cross-correlation redshift if spectra did not contain emission lines (and the cross correlation was reliable).
Errors on the redshifts are the errors of the combined measurements of both absorption features and emission features if the two redshift estimates were averaged together, and are single errors on the measurements that do not have emission lines, or where we did not trust the absorption line crosscorrelation. Among the original 18995 spectra, we were able to measure 17985 redshifts, with a median error of 50 km/s and average completeness ∼ 95%. Figure 4 shows the distribution in redshift of all the OmegaWINGS targets (black line). The filled histogram represents the redshift determinations obtained with the previous WINGS spectroscopic survey (Cava et al., 2009 ), all in the inner cluster regions. The red histogram shows the new OmegaWINGS redshifts. When a new redshift was present, we used this determination instead of the old WINGS one (the difference between the two determinations being peaked at 0, with a few cases of real mismatches in spectra with low S/N). The number of cluster members with a AAOmega redshift is 7497, that adds to the 2732 galaxies belonging to the clusters for which we had a previous WINGS measurement. This means that the total number of cluster members rises to 10229 in total.
Completeness
To ensure that we could properly derive global properties from the clusters under scrutiny, and from their galaxy populations, we calculated the spectroscopic completeness as a function of both magnitude and radial distance. The first term C m is calculated as
and gives, as a function of magnitude, the number of targets with a measured redshift (N z (m)) with respect to the number of target galaxies in the same magnitude bin present in the parent photometric catalog (N ph (m)), that is, the photometric catalog from which we selected our spectroscopic target for the follow-up.
Recall that the candidates have to obey the following conditions:
-be classified as galaxies, -have a V total magnitude brighter than V = 20 mag, and -have a (B − V ) color bluer than the one defined by the cluster red sequence.
The red sequence color varies slightly among clusters, and we took into account this effect in calculating the magnitude completeness. As for the radial completeness, we calculated it as the ratio between the number of targets with redshift with respect to the number of candidates in the parent photometric catalog in the same radial bin , that is,
where radial bins have been chosen to have the same area. Fig.5 shows, from top to bottom, the success rate of redshift measurements as a function of the V magnitude, the completeness in magnitude, and the radial completeness expressed in terms of R/R 200 . The upper panel of Fig.5 shows the success rate of the OmegaWINGS spectroscopic sample as a function of the total V magnitude of the targets, calculated as
and shows that at each magnitude bin, we were able to successfully measure redshifts in at least 90% of targets. While the completeness in magnitude (middle panel of Fig.5 ) decreases at fainter luminosities, reaching a value of 80% at V=20 mag, the radial completeness (lower panel of Fig.5 ) is relatively flat above 0.5R 200 , and is, on average, 90%. In the internal region, it is slightly lower (80%) due to the possible fiber overlap and, mostly, to the lower priority given to targets already located inside the previous WINGS field of view.
The bottom panel takes into account the fact that the clustercentric radial limit varies from cluster to cluster.
Velocity dispersions and memberships
The determination of cluster membership and of the cluster mean redshift is strictly related to the presence of possible interlopers in the cluster field of view. In our OmegaWINGS observations, this is even more problematic, given the very large field of view of our observations, that may be heavily contaminated by such objects in the external regions. In order to give a reliable estimate of these parameters, we therefore adopted an iterative procedure, as in (Cava et al., 2009) , following a ±3σ clipping algorithm, first described by Yahil & Vidal (1977) .
The procedure starts by eliminating candidates whose velocities are outside a given fixed range (in our case those with z > |z cl +0.015|). To this sample we apply an improved 3σ clipping, which includes the weighted gap method (e.g., Girardi et al., 1993) and interactively removes galaxies outside R 200 . We proceed as follows.
Starting from the galaxies in the redshift range selected above and in the whole field of view with velocities given by v = cz, we apply the weighted gap method based on the ROSTAT routine (Beers et al., 1990 ), a widespread tool designed for robust estimation of simple statistics. Gaps are the measured gaps between the ordered velocities, here defined as g i = v i + 1 − v i for the sorted velocities, and weights as w i = i(N − i) for i = 1, .., N − 1 for N galaxies. The weighted gap is defined as √ gw
where MM is defined as the mean of the central 50% of the data set and w i are a set of approximately Gaussian weights. As stated in Beers et al. (1991) , a weighted gap is considered significant if its value, relative to the mid mean of the other weighted gaps formed from the same sample, is greater than 2.25. In order to be conservative, we identified values larger than three as gaps, that thus suggest the possible presence of dynamical substructures altering the velocity dispersion determination. We visually inspected the velocity histograms to decide whether or not the gap found highlights the presence of a substructure and, if this is the case, galaxies identified as belonging to them have been removed from the calculation of the cluster velocity dispersion. After the redefinition of structures, we computed the mean redshift z cl and the rest frame velocity dispersion σ cl for each cluster.
The following steps have then been iterated until convergence in σ cl was reached: (1) Based on the ROSTAT routine (see Beers et al., 1990) , we used the biweight robust location and scale estimators to get z cl and σ cl and applied an iterative 3σ clipping until no rejection occurred. (2) We used the projected spatial distribution to define a further radius-dependent cut, that is, we determined R 200 and removed galaxies outside this radius.
Once the mean cluster redshifts and the velocity dispersions had been determined, the memberships were derived for all galaxies, independently from the distances from the cluster center, here defined as the Brightest Cluster Galaxy (BCG). The redshifts and velocity dispersions that are given in Tab.3 were derived using only redshifts from the OmegaWINGS and WINGS surveys, therefore excluding additional redshifts present in the literature. The errors quoted were obtained using the classical jackknife technique (Efron, 1982) .
In four of our clusters, the procedure used to derive the membership suggested the presence of another structure close but separated in velocity, with a slightly different redshift (shown in Tab.3, last column). More details will be given in Biviano et al. (in preparation) where we will analyze additional structures and the presence of substructures within the clusters with a dedicated algorithm. Fig.6 shows the redshift distribution for each cluster (in red), with the mean cluster redshift that we determined superimposed. Green histograms refer to galaxies belonging to the possible substructures.
In Tab.3, we give the number of targets observed with AAOmega with a reliable redshift determination (col. 2), the number of new cluster members (col. 3), the total number of members (including the ones present only in the WINGS spectroscopic catalog) that contributed to the velocity dispersion determination (col. 4), the velocity dispersion and its error in cols. 5 and 6, and the R 200 in Mpc. The R 200 is the radius of the cluster region where the mean density is 200 times the critical density of the Universe, and has often been used as a proxy for the virial radius of a cluster.
Following Poggianti et al. (2006) , we calculated R 200 as
using the cluster velocity dispersion σ cl and the cluster redshift z cl .
As a consequence, we derived the cluster masses (in 10 15 M ⊙ ) as in Poggianti et al. (2006) using the relation between the cluster mass and the cluster velocity dispersion σ v and redshift z cl as in Finn et al. (2005) , i.e.
100 M ⊙ (6) having adopted H 0 = 70, Ω Λ = 0.7 and Ω 0 = 0.3. Fig.7 shows the redshifts as a function of the distance from the cluster BCG (expressed in terms of R/R 200 ) for the OmegaWINGS clusters: red dots are the cluster members, while black ones are foreground/background galaxies. The horizontal line indicates the cluster redshift derived using the procedure outlined above. For all clusters the OmegaWINGS surveys allows to reach at least the virial radius, and for some of them even a much larger region (out to 2 × R 200 ), where we still find cluster members.
Our estimates of cluster redshifts and velocity dispersions are in good agreement with those given by Cava et al. (2009) , except for A3395, where we measure a much larger velocity dispersion (1206 Km/s instead of 755 Km/s). This could be due to the larger extent of the OmegaWINGS fields, that reaches in this case R 200 , while the WINGS spectroscopic survey just reached ∼ 0.5R 200 . We show in Fig.8 the sky distributions of OmegaWINGS cluster members (red dots) together with the R 200 region (black circle), for each cluster. The green circles are galaxies that might be related to the secondary structures identified by the analysis of the redshift distribution only.
Access to the catalog
The complete catalog of OmegaWINGS redshift will be available only at CDS and through the Virtual Observatory tool, as it is for the previous measurements derived from the WINGS/OmegaWINGS dataset (see Moretti et al., 2014 , for a complete description of the WINGS/OmegaWINGS database).
The WINGS identifier has been inherited from the photometric parent catalog by Gullieuszik et al. (2015) , and it is unique inside the WINGS/OmegaWINGS database. We remind here that the identifier originates from the object coordinates, and that it has been newly assigned only when no match was present with sources already present in the original WINGS database (in order to avoid duplicates).
In the catalog, for each redshift, we give the OmegaWINGS identifier, the sky coordinates of the source, the redshift and its error, and the membership determined as previously described (flag 1 is for the galaxies considered cluster members, 0 for non-members). Galaxies flagged with membership 2 are those belonging to the other structures defined here on the basis of a secondary peak in the redshift distribution.
Radial and magnitude completeness were calculated as described in Sect. 5.1, and both must be taken into account when dealing with statistical studies, as we did in Vulcani et al. (2011a,b) . OmegaWINGS spectra will be distributed in a forthcoming paper, where we will also give more details on the relative flux calibration and the spectrophotometric analysis.
Summary
In this paper, we present the redshift determination for 17895 galaxies in z=0.04-0.07 clusters as derived from observations obtained with the AAOmega spectrograph at AAT. Galaxies belong to 33 clusters out of the Notes. Column (1) gives the cluster name, column (2) the unique OmegaWINGS/WINGS identifier, columns (3) and (4), the sky coordinates in degrees, column (5) and (6), the redshift and the relative error, column (7) and (8), the completeness in magnitude and radial distance, respectively, and column (9), the membership. Cluster members are flagged 1 or 2, depending on the cluster structure/secondary structure, and 0 if they are not cluster members.
original 46 OmegaWINGS clusters observed with VST (Gullieuszik et al., 2015) over 1 square degree. This sample of redshifts is aimed at giving a complete mapping of cluster galaxies out to large cluster-centric distances, that enables studies of galaxy transformations within clusters.
The high data quality expressed by the overall success rate of 95% in the redshift measurement, together with the radial and magnitude completeness (90% and 80% at V = 20 mag, respectively) characterize the sample as the most robust up to date for statistical studies of low-z cluster galaxies.
We have been able to determine new cluster redshifts and velocity dispersions, as well as cluster membership out to 1-2 virial radii depending on the cluster. 7497 galaxies turned out to be cluster members. Cluster masses derived using our velocity dispersions range from 2.7 × 10 14 M ⊙ to 3.8 × 10 15 M ⊙ , therefore spanning a wide range in cluster properties. Fig. 3 . Examples of observed spectra in the cluster A2382. Upper panel spectra belong to the bright configuration, while lower panel spectra belong to the faint configuration. V total magnitude is in the bottom right inset. The overall S/N is 55, 39, and 15 for the bright spectra, and 9, 6, and 4 for the faint ones. 
